Barchan dunes occur in many parts of the Namib Desert of southern Africa and on Mars. Examination of remotely sensed images has shown that there are a variety of morphological types. Using the Long and Sharp (Long, J.T., Sharp, R.P., 1964. Barchan-dune movement in Imperial Valley, CA. Geological Society of America Bulletin 75, 149-156) system, barchans are classified into classic symmetrical barchans, which can be slim, normal, pudgy or fat. These basic dune planforms vary in size up to megabarchans. Dune coalescence dynamics lead to evolution into transverse dune ridges as well as linear ridges. The latter evolve from barchans in three ways: barchan asymmetry, collision of barchan and dome convoys ejected from destabilised barchans and downwind from nebkha fields. A review of modelling studies combined with ground data suggest that the variety of barchan forms reflect an adjustment to the wind and sediment regime. Although further work is required, we suggest that this approach may be useful for determining wind and sediment regimes on planetary surfaces. Many of the dune types in Namibia are also present on Mars suggesting that it is a suitable analogue location for further studies into the controls on dune form.
Introduction
Barchans are individual mobile dunes of crescentic shape, the two horns of which face in the direction of dune movement. Sand avalanching takes place on their lee sides. They are generally regarded as occurring in areas of limited sand supply, on planar surfaces, with a low precipitation (usually less than 100 mm per annum), sparse vegetation cover, and where winds are narrowly bimodal in direction. Barchans occur in regions where the directional index is normally around 0.7-0.9 (unidirectional sand transporting regimes have a value of 1.0, whereas regimes where winds come equally from all directions have a value of 0.0). At a global scale barchan dunes are quantitatively of limited significance -less than 1% of all dune sand on Earth is contained within them (Wilson, 1973) . On Mars, transverse dunes, including barchans, are the most common dune form (Breed et al., 1979) .
On Earth barchans are variable in size, ranging in height from a few metres to over 50 m. They have generated a very substantial literature over the years (see for example, Beadnell, 1910; Bagnold, 1941) and recently have been the subject of renewed attention by modellers (e.g., Kroy et al., 2005; Schwaemmle and Herrmann, 2005) and those seeking analogues for Martian dunes (e.g., Parteli et al., 2005; . Much work has been done on establishing relationships between barchan morphometric characteristics (e.g., height, width, length) and relating these to rates of movement.
In general, however, very little work has been done on the morphological variety of barchans, though Long and Sharp (1964) on the basis of the ratio between length of the windward slope and horn to horn width (a/c) divided them into Fat (P1), Pudgy (0.75), Normal (0.5) and Slim (0.25) (Fig. 1) . Howard et al. (1978) argued that barchan shape is a function of such factors as grain size, wind flow velocity, sand saturation and wind variability. They also suggested that smaller grain size or higher wind speed both produce a steeper and blunter stoss-side and that low saturation of the inter-dune sandflow produces open crescent-moon shaped dunes. Mckenna Neuman et al. (2000) remarked that dunes in areas characterised by coarse sediment (higher effective wind threshold) and/or low speeds would tend to have lower, longer profiles compared with those in areas with fine sediment and/or strong winds. In some barchans dune crests and slip-face brink-lines may be separate, while in others they may be coincident (Hesp and Hastings, 1998) . Hastenrath (1967) suggested that the windward profile is very nearly a straight line for tall dunes, but becomes increasingly convexly curved for smaller ones, a finding confirmed by Schwaemmle and Herrmann (2005) . Equally, Herrmann (2002) , Herrmann et al. (2005) and Sauermann et al. (2000) found that not only does the relative position of the slip face within the whole dune vary with dune size, but also that the ratio of horn length to total length increases with the height. Shape is, therefore, not necessarily scale invariant, though Andreotti et al. (2002) report cases where barchans of the same height in the same dune field show both separation and coincidence of the brink and the crest.
Due to the absence of a meteorological network, aeolian landforms are increasingly used to infer past and present environmental conditions on planetary surfaces. Similar to Earth, there is a potential to infer local sediment and wind regimes from variables such as dune shape, curvature spacing and asymmetry (e.g., Bourke, accepted). A first step towards a better understanding of the link between environmental factors and barchan dune shape is to document the wide variety of barchan form that exists. The purpose of this paper is to use freely available remote sensing images from Google Earth and the various Mars' missions (i.e., Mars Global Surveyor and Mars Odyssey and Mars Reconnaissance Orbiter) to describe and classify the variety of barchan forms that occur in the Namib Desert within Namibia and on Mars. While we note that much work remains to be done in relating dune form to formative wind and sediment regimes, we use available ground data and model results to suggest reasons for the observed variety.
Regional settings

The Namib
The Namib Desert extends for some 2000 km along the Atlantic coast of southern Africa from the Olifants River in South Africa Long and Sharp (1964) . Figure shows different aspect ratios of two initial barchan forms (top panel). On Mars, there are examples of dunes that are slimmer and fatter than those on Earth. We have therefore extend the scheme beyond that indicated by Long and Sharp (1964) to: Slim: 0.125-0.375; Normal: 0.376-0.625; Pudgy: 0.626-0.875 and Fat: 0.876-1+. (latitude 32°S) to the Carunjamba River in Angola (latitude 14°S). It forms a narrow strip, ca. 120-200 km wide, sandwiched between the Great Escarpment and the sea (see Goudie, 2002, Chapter 6, for an introduction). Throughout its length in Namibia the Namib is hyper-arid, with rainfall at the coast being typically only 10-30 mm/year, though this figure rises inland. Hayward et al. (2007) and Hayward (pers. comm.) . Location of dune fields is indicated in red (white in printed version). (For interpretation of color mentioned in this figure legend the reader is referred to the web version of the article.) previously been described from the Namib Sand Sea (Lancaster, 1989) , from the Skeleton Coast Erg (Lancaster, 1982) , and from the Cunene Sand Sea (Goudie, 2007) .
The most studied Namib dunes are those near Walvis Bay (Fig. 2) , for which there is a long history of dune movement (Slattery, 1990; Barnes, 2001 ) and some detailed descriptions of morphology (Hesp and Hastings, 1998) . The barchans tend to occur in the proximity of the coast, whereas the interior of the main ergs are characterised by large linear, transverse and star systems. In the coastal regions, where the barchans have developed, most of the sand moving winds tend to come from a south or south westerly direction, and the general orientations of the barchans reflect this fact. Resultant drift potentials (RDP), expresses in vector units the net sand transport potential when winds (above the threshold for sand transport) from various directions interact. Following this scheme of Fryberger and Dean (1979) areas over 400 are regarded as high energy environments, and on this basis, for example, the coastal town of Walvis Bay, with a RDP value of 518 (Fryberger, 1980) is one where wind energy levels are substantial.
Mars
Although small dunes occur in many places on Mars (Zimbelman, 1987) , the areas of continuous and thick sand cover are found in three main settings. The largest concentration occurs in a broad belt that partly surrounds the north polar ice cap (Fig. 3) . The second group of dunes occur in the high latitudes of the southern hemisphere in intra-crater dune fields. The third group consist of isolated patches of transverse dunes and barchans on the inter-crater plains and in low latitude topographic traps such as troughs and channels (Thomas, 1981; Ward et al., 1985; Lancaster and Greeley, 1987) . A recent global survey of dunes on Mars (Fig. 3) suggests that moderate-to large-size dune field coverage on Mars may total 800,000 km 2 , six times less than the total areal estimate of 5,000,000 km 2 for large dunes on Earth (Hayward et al., 2007) .
Individual dunes on Mars have been classified as barchan, barchanoid, transverse, or complex dunes that combine aspects of these types (Cutts, 1973; Breed, 1977; Breed et al., 1979; Tsoar Fig. 4 . Slim and normal barchan dunes from southern Namibia. Average a/c at this location is 0.5. Image is reproduced with permission from Google Earth and DigitalGlobe. Thomas et al., 1984) . While transverse dunes are the most common dune form on Mars examples of star and linear dunes have also been found (Edgett and Christensen, 1994; Lee and Thomas, 1995; Bourke, 2006) . Similar to the Namib, there is a wide range of barchan form on Mars (Bourke et al., 2004) . Dunes display both high and low length/width ratios, have both well and poorly developed arms and many are asymmetric (Bourke, accepted) . A survey of barchan dunes using Mars Orbiter Camera (MOC) data (2.5-6 m/pixel resolution) on Mars found that they are, on average, larger than barchans in many dune fields on Earth, with average stoss slope lengths of 215 m and dune widths of 400 m (Bourke et al., 2004 ). Higher resolution data (i.e., HiRISE camera with 25-50 cm/pixel resolution) indicates that a population of smaller barchans exists, and these are currently being added to the data base.
Varieties of barchan form
Classic symmetrical barchans -slim and normal
The simplest form of barchan is the classic individual crescentic feature. Some of these are elegantly slim (Fig. 4) as shown by examples on the rocky plains to the south and east of Luderitz and Elizabeth Bay. They also appear to be rather angular in plan. They display a wide range of sizes (Fig. 5) , with some having widths as great as 500-600 m, and some being only a few tens of metres wide. The slim symmetrical type of barchan is a feature of areas with unidirectional winds and with low sand influx and high values for shear velocity . The examples in southern Namibia occur on rock surfaces that have a very limited sand cover, and which because of their proximity to the coast have high wind velocities. Lancaster (1989, p. 84) indicates that the winds in the Luderitz area are relatively constant in direction (resultant direction of 190°) and with a total annual sand flow potential that exceeds 1200 tonnes per metre per year. As a consequence rates of barchan migration are, considering their size, particularly high (Lancaster, 1989, p. 94) . Other modelling work suggest that a slim barchan form results from a low degree of reptation linkage on the dune (Hersen, 2004) or if the angle of the incident winds is increased upto 60° (Reffet et al., 2009) . It is clear, however, that slim barchans are less prevalent than fatter varieties, as shown, for example, by existing surveys of barchans from near Walvis Bay (Hesp and Hastings, 1998) . Slim and normal barchans are also found on Mars (Figs. 6 and 7) . They occur at a range of locations that include the sand seas of the north polar areas and inter-crater dune fields in the southern hemisphere. A morphometric survey of 168 barchans on Mars indicates that they have a predominantly 'normal' morphology (Table 1 ). Of note is that there are several examples that are extraordinarily 'slim' (e.g., Fig. 6(c) , the a/c = 0.17). Similarly low values are rare for dunes on Earth.
Classic symmetrical barchans: pudgy and fat
Some simple crescentic forms possess a larger area in relation to their width than the examples given above. An example of this is illustrated in Fig. 8 , where the horns are relatively small in relation to the total mass of the dune. Fat dunes occur in areas where there is a substantial sand influx and lower shear velocities Fig. 7) . Fat dunes have also been reproduced in models where there is a high degree of reptation linkage on a dune (Hersen, 2004) or where wind direction varies by up to 40° (Reffet et al., 2009 ). Many of the world's barchans described in the literature appear to be fat rather than slim (see, for example, surveyed outlines of barchans from the Western Desert in Egypt, Stokes et al., 1999) . Examination of satellite images of south Morocco, southern Peru and Qatar seems to confirm this.
On Mars dune fields of pudgy and fat barchans (Fig. 9 ) are found on the margins of large dune fields and in locations where there may be a topographic influence on windflow. This may indicate a higher (local) sediment supply and lower shear velocity. In addition, some fat dunes are proto-barchans that develop from dome dunes (e.g., Fig. 9(a) ).
Classic symmetrical barchans: megabarchans and very large barchans
Some barchans are large features, which may be termed megabarchans (Cooke et al., 1993) . Over 500 m in width, they often have secondary features on their flanks, which may be indicative of instability. They may also shed small barchans onto the desert plains downwind (Fig. 10 ). This appears to be an example of what Elbelrhiti et al. (2005) describe as 'surface-wave-induced instability'. They argue that dune collisions and changes in wind direction destabilise larger dunes and generate surface waves on their lee flanks. The resulting surface waves propagate at a higher speed than the dunes themselves, producing a series of small, new born barchans by breaking the horns of large dunes. Comparable examples of instability are reported from southern Morocco by Hersen et al. (2004) . In a survey of 44 megabarchans on Earth, 72% were pudgy/fat. Dunes on Mars are significantly larger than those on Earth (Bourke et al., 2004) . The largest barchans in the north polar region of Mars (Fig. 11) are only slightly larger than those in Namibia. Similar to the Namib, there is a suggestion of surface wave instabil- ity on some of these larger dunes producing superimposed secondary forms and calving of barchans from the dune horns (Fig. 11(c) ). In general however, the largest barchans tend to have simple, rather than complex or compound morphologies (Bourke and Balme, 2008) . Claudin et al. suggested that the absence of complex or compound morphologies on Mars is due to the scaling laws on both planets, whereby these larger dunes on Mars are equivalent to small barchans on Earth. What is yet to be explained is the apparent absence of isolated crescentic megabarchans on Mars. Unlike the Earth megabarchans, 92% of the largest barchans in the north polar region of Mars are normal and slim (Fig. 11(c) ).
Classic symmetrical barchan: proto-megabarchan
One remarkable barchan was identified in southern Namibia (Fig. 12) . It is a classic barchan form some 400 m across and 700 m long that is predominantly made up of a cluster of smaller barchans termed proto-megabarchan (Cooke et al., 1993, p. 327 ). A similar form has not yet been detected on Mars although there are examples of degraded and modified barchans that may be influenced by similar processes (Fig. 13) . These barchan assemblages require further study.
Barchan dunes that develop into transverse ridges
There are many examples in the Namib of classic individual barchans merging together with their neighbours to form ridges transverse to the formative winds. The original barchanoid and linguoid elements are clearly visible (Fig. 14) . This is particularly the case in the Cunene Erg of northern Namibia, where there is a transition from individual barchans on the wind swept, presumably sand poor mega-yardang areas (Goudie, 2006) towards the dense network of transverse ridges that occurs in closer proximity to the Cunene River and away from the coast. It is generally believed that sand availability is a crucial control, and that with greater sand supply transverse dune ridges rather than individual isolated barchans will occur.
On Mars, there is both morphologic and stratigraphic evidence that smaller barchans laterally coalesce to form transverse and barchanoid ridges. Fig. 15(a) shows an example where four barchans coalesce to form a barchanoid ridge. Fig. 15(b) and (c) shows high albedo arcuate strata exposed at the base of a transverse ridge on Mars. These layers suggest that the transverse ridge has aggraded from a series of laterally coalesced barchans. Their high albedo and exposure by wind erosion suggest that the layers are cemented.
3.6. Barchans developing into linear dunes 3.6.1. Asymmetry
Following on from the classic model of Bagnold (1941) it is evident that some simple crescentic forms are deformed into linear (seif) features when they move into areas with variable wind directions. This is the case in Namibia, especially as one moves eastwards towards the Great Escarpment and away from the relatively simple unidirectional wind environment of the coast. Linear ridges some km long can develop downwind from the original barchan (Fig. 16) . It is the westerly horns that appear to be elongating under the influence of winds blowing from the south east. Lancaster (1982) suggested that an asymmetry in sediment supply with proximity to the sand sea may also have influenced this morphology.
Linear dunes also form by the asymmetric extension of barchan arms under the influence of bi-directional winds on Mars (Fig. 17(a) and (b) ). This suggests that limb morphology may be used as an indicator of the relative strengths of bi-directional wind patterns on Mars. Evidence for other mechanisms of asymmetrical barchan limb extension, such as dune collision have also been identified on Mars (Bourke, accepted). 
Barchan convoys and nebkhas
In the Namib there are some intriguing linear dune ridges that appear to be formed by convoys of approximately equally sized barchans. Wang et al. (2004) proposed this style of barchan merging in their model of complex linear dune formation, but to date no field example has been shown. One type (Fig. 18) is formed downwind of an unstable barchan, where small barchans have developed by being shed from one of the extending horns. This mechanism of linear dune formation is also found on Mars (Fig. 19) and that model includes the collision of dome as well as barchans (Bourke, 2006) . One issue that needs to be resolved is the extent to which barchan convoys are the origin of linear dunes or the consequence of the decay of linear dunes . It is likely that both scenarios occur on Mars.
Another type seems to have formed downwind of major nebkha fields (Fig. 20) . This type appears to develop from sand that has accumulated around bushes, rather than through the normal style of evolution from a non-anchored sand pile. No examples have been found in Namibia of the transformation of barchans into parabolic dunes under the influence of vegetation (Durán et al., 2005) .
Conclusions
In the absence of reliable, long-term wind data for most of Namibia, it is very difficult to relate the varieties of barchan form described above to the variability of wind conditions that exist. What is clear, however, is that there is a wide range of barchan morphologies present and that they are more varied and complex features than is often assumed. Among the factors that are likely to explain this variability are differences in wind velocities and directions, sand availability, sand grain characteristics, and the interactions between the dunes themselves. There is therefore a need for further field and modelling studies to better understand the variation in dune form. This is essential if dune form is to be used as a proxy for understanding the environments of dune formation on Mars. The potential significance of the Namibian sand seas as a suitable analogue environment is in the similarity of the range of barchan forms with those on Mars. In addition, one unique dune type found on Mars -the linear dune produced by a barchan convoy is shown to have an analogue in Namibia.
